The skeletal muscles and axial skeleton of vertebrates derive from the embryonic paraxial mesoderm. In amniotes, paraxial mesoderm is formed bilaterally to the nerve cord as a result of primitive streak and tail-bud regression during body axis formation. In chick and mouse embryos, paraxial mesoderm was proposed to derive from a population of resident cells located in the regressing primitive streak and tail bud. In contrast, in lower vertebrates, paraxial mesoderm is formed as a result of the continuation of ingression movements of gastrulation. Here, we reinvestigate paraxial mesoderm formation in the chicken embryo and demonstrate that these two modes are concomitantly at work to set up the paraxial mesoderm. Although the medial part of somites derives from stem cells resident in the primitive streak/tail bud, the lateral part derives from continuous ingression of epiblastic material. Our fate mapping further shows that the paraxial mesoderm territory in the epiblast is regionalized along the anteroposterior axis as in lower vertebrates. These observations suggest that the mechanisms responsible for paraxial mesoderm formation are largely conserved across vertebrates.
The skeletal muscles and axial skeleton of vertebrates derive from the embryonic paraxial mesoderm. In amniotes, paraxial mesoderm is formed bilaterally to the nerve cord as a result of primitive streak and tail-bud regression during body axis formation. In chick and mouse embryos, paraxial mesoderm was proposed to derive from a population of resident cells located in the regressing primitive streak and tail bud. In contrast, in lower vertebrates, paraxial mesoderm is formed as a result of the continuation of ingression movements of gastrulation. Here, we reinvestigate paraxial mesoderm formation in the chicken embryo and demonstrate that these two modes are concomitantly at work to set up the paraxial mesoderm. Although the medial part of somites derives from stem cells resident in the primitive streak/tail bud, the lateral part derives from continuous ingression of epiblastic material. Our fate mapping further shows that the paraxial mesoderm territory in the epiblast is regionalized along the anteroposterior axis as in lower vertebrates. These observations suggest that the mechanisms responsible for paraxial mesoderm formation are largely conserved across vertebrates.
vertebrate ͉ epiblast ͉ primitive streak ͉ tail bud ͉ body axis formation A t the body level, the posterior unsegmented paraxial mesoderm is called presomitic mesoderm (PSM). At the anterior tip of the PSM, cells become periodically organized into epithelial blocks called somites, which form sequentially in an anteroposterior (AP) fashion. Somites later differentiate into vertebrae, muscles, and dermis, which become regionalized along the AP axis to form structures characteristic of their axial level. Each amniote somite can be subdivided into medial and lateral compartments that contribute to distinct sets of derivatives (1) . The medial compartment gives rise to the epaxial muscles, vertebral column, and dermis of the back, whereas the lateral compartment produces essentially the hypaxial muscles, which include intercostals and limb muscles (1, 2) . The medial and lateral parts of amniote somites arise from largely distinct territories in the primitive streak (3) (4) (5) (6) . In the chicken embryo, medial somites derive from a population of precursors exhibiting stem cell behavior located in the anteriormost primitive streak and Hensen's node, whereas no such stem cells have been reported for the lateral somite precursors, which derive from a more posterior part of the primitive streak (6) . In contrast, it has been proposed that mouse somites derive from a regionalized stem cell pool located in the primitive streak (7) in which an anterior domain contributes to medial somitic cells, whereas more posterior cells contribute to the lateral somites (8) . The self-renewal capacity of these stem cells was established either by lineage analysis using various cell-labeling strategies or by serial transplants (6, 7, 9) . These stem-like properties persist during axis formation. This proposed mode of paraxial mesoderm formation from a resident cell population in the anterior streak is quite different from the one observed in frog and fish, in which continuation of the gastrulation movements was proposed to account for the formation of the paraxial mesoderm (10, 11) .
In this report, we have reinvestigated the origin of paraxial mesoderm in the primitive streak of chick embryos. Using 1,1Ј-dioctadecyl-3,3,3Ј-tetramethylindocarbocyanine perchlorate (DiI)-or GFP-based labeling methods and time-lapse analysis, we observed that cells forming the medial and lateral parts of a given somite are produced at distinct times by the primitive streak. We then investigated in detail the origin and fate of paraxial mesoderm precursors by grafting fluorescently labeled epiblast fragments of the primitive streak or the adjacent epiblast. Our data support the existence of stem cells contributing to the medial part of the somites and, additionally, that primitive streak cells contributing to the lateral somites do not exhibit such a stem cell behavior. We demonstrate that cells of the posterior territory of the paraxial mesoderm in the primitive streak are constantly generated through ingression of the lateral epiblast even after the beginning of regression of the primitive streak. We also show that the epiblast territory generating the lateral paraxial mesoderm is regionalized along the AP axis, such that cells fated to contribute to more anterior somitic regions are localized more anteriorly in the epiblast. Therefore, these observations indicate a dual mode of somite precursor production: the medial somite portion derives from a stem cell population, whereas the lateral somitic cells derive from continuous ingression of epiblast cells. Together, these data indicate that the epiblast adjacent to the primitive streak in the chicken embryo presents an organization highly similar to that of the marginal zone in frog and fish, suggesting that gastrulation mechanisms are more conserved between lower vertebrates and amniotes than currently thought.
Results
To study the establishment of AP identity in the paraxial mesoderm, we first set out to test whether cells produced at the same time by the anterior and posterior parts of the paraxial mesoderm territory in the primitive streak end up in the same somites. We labeled primitive streak cells with both 3,3Ј-dilinoleyloxacarbocyanine perchlorate (DiO) at the 90% level (see Materials and Methods) and DiI at the 70% level ( Fig. 1 a and b) and monitored the position of the descendants of the labeled cells along the AP axis. Descendants of the DiO-labeled cells were found in the medial part of somites, whereas DiI-labeled cells were found in the lateral part of somites (Fig. 1c) . Strikingly, however, the anteriormost descendants of DiO-labeled cells were always observed to be located up to two to five somites anterior to DiI-labeled cells (Fig. 1c, n ϭ 12) . Such labeled embryos were also analyzed in time-lapse movies [supporting information (SI) Movies 1 and 2]. The analysis of these movies suggests that the difference in the final positioning of labeled cells in the medial and lateral somites essentially reflects the initial AP difference in the primitive streak, and that the path of posterior cells to reach the lateral paraxial mesoderm is longer than that of the anterior streak cells to reach the medial column. To confirm this observation, we used an alternative labeling technique, in which we replaced a fragment from the 90% level of the primitive streak with an EGFP-labeled equivalent piece from a stagematched donor embryo and performed in the same embryo a second homotopic graft of a DsRed-labeled streak fragment from the 70% to the 80% level (Fig. 1d ). This electroporation-based labeling technique made it possible to track the fate of the labeled cells after longer incubation periods than the vital dye-based labeling, in which labeling, especially in the caudal part of an embryo, largely faded out because of rapid dilution of the dye 2 days after incubation. In these embryos, descendants of the EGFPlabeled cells were observed mostly in the medial somites, whereas the descendants of the DsRed-labeled cells were observed in the lateral somites (Fig. 1e) . As observed in the DiI-and DiO-labeling experiments, the anteriormost medial derivatives were always found to lie two to five somites anterior to the lateral cells (Fig. 1e , n ϭ 4). The same result was observed when DsRed was used to label anterior streak cells and EGFP to label the posterior streak graft (Fig. 1g , n ϭ 4). Thus, these experiments are consistent with previous fate maps (ref. 12 and refs. therein ) and demonstrate that the medial and the lateral parts of a single somite are produced at distinct times by the primitive streak.
We have investigated further the contribution of different regions of the primitive streak to the different axial levels of the paraxial mesoderm. In double- (Fig. 1d ) or single-graft ( Fig. 1 i and l ) experiments analyzed after 24 h, cells from the 90% level of the streak mostly gave rise to cells in medial somites from the anterior level of the somitic region to the tail bud (SI Table 1 ; Fig. 1 e, g, and j). In contrast, grafts of more posterior regions of the primitive streak (70-80% level) essentially produced descendants in the lateral part of the somites extending over more posterior levels (SI Table 1 ; Fig. 1 e, g, and m). As reported (12) , however, labeled cells were not always entirely restricted either to the medial or to the lateral somitic compartments, suggesting some intermingling between the two populations. When grafted embryos were incubated for 48 h, derivatives of the 90% streak level continued to contribute to more posterior paraxial mesoderm and tail bud (SI Table 1 ; Fig.  1 f, h, and k). In contrast, derivatives of grafts from more posterior regions of the streak were not seen to contribute to the posterior part of the embryo (Fig. 1 f, h, and n) . Therefore, these experiments support the existence of stem cells contributing to the medial somites located in the anteriormost part of the primitive streak, caudal to the notochord precursors in Hensen's node (6) . These stem cells contribute to all axial levels of the paraxial mesoderm. These observations also demonstrate that lateral somite precursors in the anterior streak do not behave as stem cells, indicating that at these stages, the precursors of the posterior lateral somites are not located in the primitive streak.
These experiments raised the question of the origin of cells contributing to the lateral somites in more posterior regions of the AP axis. Available fate maps indicate that until stage 4 Hamburger and Hamilton (HH), the paraxial mesoderm territory is located in the epiblast lateral to the primitive streak and that between stages 4HH and 7HH, somitic cells arise from a region corresponding to the 70-90% level of the primitive streak (12) (13) (14) (15) . After stage 4HH, ingression of the epiblast territory adjacent to the anterior streak was proposed to be completed (16) . Thus, at the beginning of primitive streak regression, the contribution of the epiblast adjacent to the anterior streak was essentially thought to be restricted to the neural plate (17) . However, this view is in contrast to studies in the chicken embryo that indicate paraxial mesoderm progenitors can be found in the epiblast adjacent to the anterior streak even after the beginning of streak regression (18, 19) . Because the fate of the epiblast adjacent to the streak between stages 4HH and 7HH has been poorly characterized, we have undertaken an extensive fate mapping of this region. To that end, we performed a series of homotopic grafts of EGFP-labeled fragments of different levels of this epiblast (SI Table 2 ; Fig. 2 a-c and g ). Our fate map of the epiblast adjacent to the primitive streak indicates that after the beginning of Hensen's node regression, the anteriormost epiblast that lies adjacent to the node and the anterior primitive streak (90% level) essentially gives rise to neural and ectodermal derivatives (Fig. 2g, dark blue) . More posteriorly, extending from the 90-60% level of the primitive streak, a territory essentially contributing to the lateral somites is found (Fig. 2g, red) . Posterior to this territory, the epiblast contributes to the lateral plate and extraembryonic mesoderm (Fig. 2g, blue and pink, respectively) . To ensure that the results were not biased by our grafting method, we used an alternative labeling strategy in which a small DiI crystal was transiently applied on the epiblast in ovo to label only cells in the superficial layer of the embryo (SI Table 3 ; Fig. 2 d-f ) . A similar contribution to the somites was observed from the DiI-labeled epiblast ( Fig. 2 e and f ) . Using both labeling procedures, the contribution of the epiblast to the posterior somites was not exclusively restricted to the lateral compartment and included some medial derivatives, which must, therefore, intermix with derivatives of the anterior primitive streak. Thus, these data indicate that the paraxial mesoderm precursors of the lateral epiblast mostly contribute to the lateral somites.
We then analyzed in more detail the fate of cells of the epiblastic paraxial mesoderm territory in terms of its contribution along the AP body axis. We noticed that grafts of more anterior regions of the somitic domain of the epiblast gave rise to descendants contributing to more anterior regions of the AP axis than grafts of more posterior regions (SI Table 2 ; compare Fig. 3 a-c and d-f ) . Therefore, the presumptive territory of the somites in the epiblast is regionalized along the AP axis.
Discussion
In amniotes such as chick and mouse, gastrulation is usually defined as the period corresponding to the formation of the primitive streak. During this phase, the territories located in the superficial layer, the epiblast, converge to form the primitive streak where they become internalized. The presumptive territory of the paraxial mesoderm is initially located in the epiblast lateral to the forming primitive streak (13, 14) . At the end of primitive streak extension in the chicken embryo (stage 4HH), ingression of the paraxial mesoderm territory was considered to be complete, and precursor cells of the paraxial mesoderm were proposed to localize in the anterior primitive streak as a resident population of cells (12) . At this stage, the epiblast lateral to the anterior streak was proposed to correspond to the posteriormost neural territory (17) . After the beginning of primitive streak regression, the resident population of paraxial mesoderm precursors would regress in concert with the primitive streak and lay the paraxial mesoderm in its wake. Using grafts of labeled epiblast fragments, we observed that, in contrast to this widely accepted scenario, ingression movements resulting in paraxial mesoderm formation continue well after the beginning of primitive streak regression, contributing to the lateral part of somites (Fig. 2) . Together with the late ingression movements reported in the chick tail bud (20, 21) , this observation strongly supports the idea that, as in lower vertebrates (10, 11) , gastrulation movements continue throughout axis extension to produce posterior mesoderm. Such a situation is also seen in mouse, where involution of material from the posterior neural plate gives rise to posterior mesoderm, suggesting that this territory corresponds to a remnant of the epiblast that continues to undergo gastrulation movements to generate mesoderm (9) (Val Wilson, personal communication). These data strongly support the notion that continuation of the gastrulation movements resulting in epiblast ingression during axis extension is involved in posterior mesoderm formation across all vertebrates (Fig. 4) .
Our data, nevertheless, confirm the existence of resident stem cells participating in medial somite formation in the anterior primitive streak (Fig. 1) (6, 7) . Whereas existence of such a resident stem cell population in lower vertebrates is unclear, there are a number of arguments suggesting that such cells might exist. In Xenopus, injection of GFP in single blastomeres at the 32-to 64-cell stage often results in labeling a few muscle fibers in a large number of myotomes, which led to the idea of the existence of stem cells at the origin of somitic muscles (22) . Fate maps of the 32-cell-stage frog embryo indicate that the somitic contribution of dorsalmost blastomeres extends along the entire AP axis, whereas the more ventral ones only contribute to posterior somites (23) . In fish, the adaxial and lateral presomitic cells define a medial and a lateral population that gives rise to the slow and fast muscle lineages, respectively, and derives from cells located correspondingly both close and more distant to the organizer (24, 25) . The correspondence of this medial and lateral subdivision in the amniote somites, and whether adaxial cells derive from a resident stem cell population, however, remain to be established (Fig. 4b) .
The primitive streak of amniotes is generally considered homologous to the Brachyury-expressing marginal zone of lower vertebrates such as amphibians (26, 27) . Its AP organization essentially reflects the future fate of its mesodermal derivatives along the mediolateral axis (the dorsoventral axis of amphibians). Namely, the most anterior part of the primitive streak gives rise to notochord, and then, moving progressively posteriorly, are located the territories of the medial somite, lateral somite, intermediate mesoderm, lateral plate, and extraembryonic mesoderm (5, 12, 14, 28) . Our fate-mapping data in the chicken indicate this organization is also seen at the level of the epiblast adjacent to the streak, suggesting that the region homologous to the marginal zone of lower vertebrates in fact not only corresponds to the primitive streak but also includes the adjacent epiblast. We also observed that epiblast cells located closer to Hensen's node contribute to more anterior somites than cells located more posteriorly, indicating that the arrangement of lateral somite precursor cells along the AP axis in the epiblast also correlates with their definitive distribution along the embryonic AP axis (Fig. 3) . In the chicken embryo, cells of the anterior streak tend to contribute to more anterior somites than cells of more posterior regions of the streak (12, 15, 29) (SI Table 1 ). Fate maps in frog and fish indicate that cells of the marginal zone closer to the organizer contribute to more anterior somites than cells located more distantly (23, (30) (31) (32) (33) (34) . Therefore, our data show that in chick, the presumptive territory of the lateral somite in the epiblast presents a very similar organization to the presumptive somitic territory in the marginal zone of lower vertebrates. Thus, the territory mapped as somitic in the frog marginal zone could, in fact, be homologous to the chick lateral somite presumptive territory, and that the Xenopus homologue of the chick medial somites presumptive territory could derive from a small stem cell population located close to the organizer (Fig. 4c) . Taken together, in higher vertebrates, the AP axis of the primitive streak and adjacent epiblast reflect both the future mediolateral and AP fates of the mesodermal tissue, as observed in lower vertebrates along the proximodistal axis of the blastopore (Fig. 4) . This revised fate map suggests a dual mechanism for paraxial mesoderm production that is likely conserved throughout vertebrates. Unexpectedly, it reveals that in the chicken embryo, Hox gene expression (18) is initiated not in somite stem cells but rather in somite precursors in the epiblast before their ingression into the streak (Fig. 4) . Thus, although medial somite precursors impose their segmentation pattern onto the lateral ones (35), our results indicate that Hox identity is first acquired in the lateral somite precursors. The spatial dissociation of these two patterning processes suggests they can be independently regulated, potentially accounting for the extraordinary diversity of vertebral formulae observed in vertebrates.
Materials and Methods
Embryos and Nomenclature. Fertilized chick eggs were obtained from commercial sources. Eggs were incubated at 38°C in a humidified incubator. Embryos were staged according to Hamburger and Hamilton (HH) (36) and by counting the somites.
Electroporation and Fate Mapping of the Primitive Streak and Epiblast. Embryos ranging from stage 3HH to stage 7HH were prepared for EC culture (37) . A DNA solution containing the f luorescent protein expression vectors (pCAGGS-EGFP or pCAGGS-DsRed) (1.0 g/l) (18) was microinjected in the space between the vitelline membrane and the groove of the primitive streak or epiblast lateral to the streak. In vitro electroporations were carried out with five successive square pulses of 8 V for 50 msec, keeping a 4-mm distance between anode and cathode using Petri dish-type electrodes (CUY701P2; Nepa Gene, Tokyo, Japan) and a CUY21 electroporator (Nepa Gene). This procedure strictly labels the superficial epiblast layer (18) . Electroporated embryos were cultured for 2-3 h at 38°C in a humidified incubator until EGFP fluorescence was observed in the electroporated embryo. EGFP-positive anterior streak fragments or EGFP-positive lateral epiblast fragments with the underlying, unlabeled mesoderm and endoderm (Ϸ100 ϫ 100 m) were excised and grafted into the same location in stage-matched unlabeled host embryos. After a 15-to 48-h reincubation time, the AP position of the labeled cells in the somitic series was scored.
DiI and DiO Mapping of the PSM and Epiblast. Chick embryos ranging from stage 3HH to stage 7HH were injected with both DiI and DiO (Molecular Probes, Eugene, OR; dissolved at a final concentration of 1 mg/ml) using pulled-glass capillaries. A small focal injection of each vital dye was made at different AP levels along the primitive streak. Using an eyepiece reticule, the relative position of these marks in the streak at the time of injection was determined by measuring the distance between the injection site and the posterior tip of the streak (i.e., the 100% level corresponds to the anterior tip of Hensen's node) (12) . After a 15-to 24-h reincubation time to allow the PSM to segment, the position of the descendants of the injected cells in the somitic series was scored. For epiblast fate mapping, a small DiI crystal (Molecular Probes) was gently placed in ovo at different AP levels of epiblast. The crystal was left in place for a few minutes and subsequently removed. Quality of the staining was confirmed under fluorescent microscope. Embryos were then reincubated for 15-24 h, photographed, and the fate of the stained cells was analyzed in cryosections.
Time-Lapse Imaging. To follow the cell movements in vivo, DiI-, DiO-, and EGFP-labeled embryos were incubated in a custommade air-heated microscope chamber maintained at 38°C with a heater (AIR-THERMZ; World Precision Instruments, Hertfordshire, U.K.) and 90% humidity. For each experiment, we chose a representative embryo for time-lapse filming from Ϸ10 prepared embryos. All embryos were photographed at the beginning and end of the experiment. Each experiment was repeated at least four times to verify that similar experimental results were obtained. Both bright-field and fluorescence images were taken every 3 min during 15 h of overnight incubation using a Zeiss (Oberkochen, Germany) Axiovert100 inverted microscope through a plan-NEOFLUAR 2.5ϫ/0.075 NA objective (Zeiss). Images were recorded by using a Hamamatsu (Hamamatsu City, Japan) ORCA-II-ER cooled CCD camera driven as described (38) .
